A total of 185 luminous blue variable star (LBV) candidates with V < 18. m 5 are selected based on the results of aperture photometry. The primary selection criterion is that the prospective candidate should be a blue star with Hα emission. In order not to overlook appreciably reddened LBV candidates, we compose an additional list of 25 red (0. m 35 < B − V < 1. m 2, V < 18. m 5) emission star candidates. A comparison with the list of known variables in the M 33 galaxy showed 29% of our selected candidates to be photometrically variable. We also find our list to agree well with the lists of emission-line objects obtained in earlier papers using different methods.
INTRODUCTION
Luminous blue variables are the most massive stars during the final stage of evolution [ [Humphreys & Davidson (1994) ]. It is a rather short-lived stage characterized by high mass-loss rate and mass ejections into the interstellar medium during outbursts. The bolometric luminosities of such stars are close to the Eddington limit, below which radiation pressure can still be balanced by gravity forces.
Modern model computations often involve explicitly preset time of the beginning of the LBV evolution and the duration of this stage (see, e.g., [Meynet et al. (2007) ]), because these parameters are impossible to infer via selfconsistent modeling. The input parameters in these cases are based on the most recent observational data. Modeling is further complicated due to the lack of a consensus concerning the evolutionary sequence of massive stars -e.g., even the LBV → WR transition remains an open issue ( [Smith & Owocki (2006) ], [Smith & Conti (2008) ], [Smith (2008) ]). The number of known LBV stars in our Galaxy is too small to test the agreement between the model tracks and observational data.
The number of known and well-studied massive stars at the final stages of evolution -LBV stars, WR stars, B[e]-type supergiants, and supergiants and hypergiants with various temperatures -should be increased considerably. These objects have very different observational manifestations. Only with a sufficient number of stars with known parameters it will be possible to reliably identify the results of modeling of the evolution of massive stars with observed objects. On the other hand, a considerably increased sample will make the interpretation of model computations more reliable. The discovery and study of new massive stars at the final stages of evolution (hereafter referred to as "LBV-like" stars) would lay down the necessary basis for linking theory with observation so that the studies of LBV stars will no longer remain mostly descriptive.
The main goal of this paper is to search for and identify LBV candidates. In the Milky Way such objects are hidden by strong interstellar extinction in the Galactic disk. They are currently discovered in IR sky surveys (e.g., [Gvaramadze et al. (2009)] ).Its fortunate orientation and sufficiently large population of early-type stars makes the M 33 galaxy of the Local Group an ideal object to be searched for LBV-like stars [Ivanov et al. (1993) ]. Here we adopt an M33 distance modulus of 24.
m 9 (e.g., [Bonanos et al. (2006) ]), which corresponds to a distance of 950 kpc.
In their review, Humphreys and Davidson [Humphreys & Davidson (1994) ] summarize all the data known about LBV stars by that time: their list of confirmed LBV stars in M 33 included Var B, Var C, Var 2, and Var 83, and V 532 (GR 290, the "Romano star" [Romano (1978) ]) was considered to be an LBV candidate. Later, the latter had its LBV status confirmed both spectroscopically [Fabrika (2000) ] and photometrically [Kurtev et al. (2001) ]. It was studied in more detail by Fabrika et al. [Fabrika et al. (2005) ] and Viotti et al. [Viotti et al. (2006 [Viotti et al. ( , 2007 . The star Var A in M 33 is now commonly classified as a cool hypergiant [Humphreys et al. (1987) ], [Humphreys et al. (2006) ], [Viotti et al. (2006) ]. Although this object exhibits all the features characteristic for LBV stars -it suddenly brightened in 1950 -1953 [Hubble & Sandage (1953 ] to become one of the most luminous stars in M 33 with a spectral type F -its current spectral type (M) is untypical for classical LBV stars. However, given the fewness of LBV stars hitherto studied, it is possible that the known classical LBV states [Humphreys & Davidson (1994) ] do not cover all possible properties of these objects. The Var A star meets the criteria of LBV class both in terms of luminosity (mass) and photometric variability ].
Spectroscopic observations of LBV-like star candidates from our list allowed us to discover a new (the seventh) LBV star N93351 in the M 33 galaxy ]. We use very limited archival data to construct the light curve of the star and find it to be variable with the light variations of about 0.
m 4 a year. Further observations of N93351 both photometric and spectroscopic are needed to confirm the evolutionary status of the star. Various groups of authors [Neese et al. (1991) ], [Spiller (1992) ], [Calzetti et al. (1995) ], [Fabrika & Sholukhova (1995) ], [Massey et al. (1996) ], [Sholukhova et al. (1997) ], [Sholukhova & Fabrika (2000) ], [Corral & Herrero (2003) ] used various methods to search for LBV stars in M 33. The principal method consists in searching for Hα sources coincident with early-type stars. Although LBV stars need not inevitably be blue objects [Sterken et al. (2008) ], many authors targeted their search on early-type stars. Some authors looked for SS 443-like objects [Neese et al. (1991) ], [Calzetti et al. (1995) ], [Fabrika & Sholukhova (1995) ]. The spectrum of SS 433 resembles those of late WR stars [Fabrika (2004) ].
The team of Massey et. al [Massey et al. (2006) ] made a new step toward the study of the massive stellar population of the M 33 galaxy. The above authors used CCD images of the galaxy to produce a catalog of 146622 stars down to a limiting magnitude of 23 containing broad-band photometric measurements with an accuracy of 1-2%. In their next paper [Massey et al. (2007) ], the team reported a list of emission stars in Local Group galaxies including M 33. The main purpose of this study was to find new LBV star candidates. To this end, the above authors adopted the following criteria: a constraint on the Hα line flux; Hα line flux had to be greater than the [SII] line flux; the [OIII] line flux had to exceed the continuum flux, and a constraint was imposed on the star's color (see [Massey et al. (2007) ] for details). Massey et al. [Massey et al. (2007) ] report 37 LBV stars and LBV candidates in M 33. Some of the candidates reported by Massey et al. [Massey et al. (2007) ] have been identified before [Corral (1996) ], [Sholukhova et al. (1997) ], [Fabrika & Sholukhova (1995) ], [Sholukhova & Fabrika (2000) ], [Fabrika (2000) ].
We performed independent aperture photometry of bright objects with V <18. m 5 in all filters (UBVRI and Hα) on the CCD frames of Massey et al. [Massey et al. (2006) ]. We used the same methods to select LBV candidates as Fabrika et al. [Fabrika & Sholukhova (1999a) ]. Emission-line objects are easily identifiable on the "Hα-line flux vs. V-band flux" diagram, because they lie above the linear relation outlined by objects without the Hα emission (see below for details).
As a result of this work we composed a list of blue LBVlike star candidates in M 33. In order not to overlook highly reddened objects we composed an additional list of red Hα emission objects selected with less stringent color criteria.
OBSERVATIONAL DATA
We downloaded from the NOAO science archive (http://www.archive.noao.edu/nsa/) all primarily reduced M 33 frames taken by Massey et al. [Massey et al. (2006) ′′ 26/pix (after primary reduction and distortion correction). The M 33 galaxy was subdivided into three zones with each zone observed five times with a small offset to fill the gaps between the CCDs in the mosaic. In this paper we use 15 mosaic images in each filter. A more detailed description of the data and primary reduction steps can be found in [Massey et al. (2006) ].
APERTURE PHOTOMETRY
Our aim was to select stars with Hα emission -the LBV candidates. The Hα images contain both point and extended objects and therefore in the process of photometry we must check that measurements in different filters refer to the same object. This condition should be satisfied even in crowded fields and in complex Hα regions, something that is difficult to achieve in automatic photometry of several hundred thousand objects [Massey et al. (2007) ].
Aperture photometry has an important advantage over PSF photometry in that it makes it possible to determine the flux from an object without making any assumptions about its structure and the form and parameters of the point-spread function (PSF) in the Earth atmosphere. The use of the averaged PSF may introduce an error in the estimated flux due to the variation of the form of the PSF across the field. A problem with aperture photometry in crowded fields is that the aperture radius should be chosen individually for each object so as to keep all other objects outside the aperture. The determination and application of aperture correction is yet another problem to be faced when performing aperture photometry. However, if we need not determine the total flux, but only the flux difference in different filters, the same aperture size can be used in all filters. It is also important that seeing is approximately the same in all filters. The observations of Massey et al. [Massey et al. (2006) ] meet this condition.
We used standard IRAF 1 tools for photometric measurements and all performed auxiliary operations in the batch mode using programs written in Python language.
To choose the optimum aperture size, we performed the photometry of each object varying the aperture radius R from 0.
′′ 5 to 6. ′′ 0 with a step of 0. ′′ 25. We estimated the background level using the median averaging over a ring with the inner and outer radii equal to R and R+∆R, respectively, where ∆R = 2 ′′ . In this approach the flux from a single object first smoothly increases with increasing radius R and then remains approximately constant (the plateau in Fig. 1a ). The vertical coordinate of the point where the plateau begins corresponds to the full flux from the star in the filter considered. After reaching the plateau the flux becomes practically ceases to vary with aperture radius, whereas the dependence is very strong when the radius approaches the plateau. We consider the optimum radius of the object to be equal to R0.9, the abscissa of the point corresponding to 90% of the total flux. We interpolate the curve by drawing a cubic spline through the measured data points.
In the presence of a nearby neighboring object (see Fig. 1b ) the flux continues to increase even after reaching the plateau. We chose the flux and optimum aperture radius to be same for all filters at the supposed location of the plateau so as to keep the flux from the neighboring objects outside the measurement aperture.
In the case of a two-dimensional Gaussian 90% of the total flux corresponds to R0.9 = 1.95σ, where σ is the parameter of the Gaussian. The full width at half maximum (FWHM) of a two-dimensional Gaussian (which, by definition, corresponds to the size of a point source) is reached at the aperture radius of RF W HM = 1.18σ. Hence given the observed 0.
′′ 6-0. ′′ 8 seeing, we can expect the sizes of pointsource images on the CCD to be, according to our definition, R0.9 = 1.
′′ 0 − 1. ′′ 3. To determine the optimum aperture R (or the size of the object), we compute the mean R0.9 values averaged over the four broad-band filters. We then measure the flux in the narrow-band Hα filter within the same R0.9 aperture and divide it by 0.9 to compute the total flux. The resulting quantity is equal to the total flux if we are dealing with a point source in the Hα filter. In the case of an extended object in the Hα filter (e.g., an HII region), the inferred quantity is an estimate of the total flux from the part of the extended source, where the point source was measured in the broad-band filters.
Hence we use the R0.9 quantity to measure the size of the source and use the count at the plateau level to estimate the fluxes in filters as shown in Fig. 1 .
The image of the galaxy consists of several zones with each zone observed several times with different offsets so that many objects are measured repeatedly in each particular filter. We corrected each measurement for airmass by multiplying it by 1/ cos z, where z is the zenith angle. To construct the mean dependence of flux on the aperture radius, we computed the median of the dependences based on individual measurements. Individual dependences differ mostly because of night-to-night seeing variations. Averaging showed that the results of individual measurements of the same object do not differ by more than 7-10%, which is acceptable accuracy for our purposes of object selection.
Massey et al. [Massey et al. (2006) ] demonstrated that each CCD frame of the mosaic image should be reduced separately because of considerable differences between the detector parameters (gain, read-out noise, and spectral sensitivity). We therefore partitioned each composite image into eight individual frames corresponding to different detectors and reduced each frame separately.
Our task of extracting objects with excess flux in the Hα filter does not require the determination of calibrated fluxes, and we therefore selected objects based on instrumental fluxes exclusively. Only at the final stage of our work we converted instrumental fluxes into magnitudes using the following averaged calibrating coefficients: mU = −2.5 log(FU ) + 30.20 mB = −2.5 log(FB) + 29.43 mV = −2.5 log(FV ) + 29.61 mR = −2.5 log(FR) + 29.84
where F is the flux from the object measured during the exposure time in the instrumental system in the corresponding filter. We determined the averaged calibrating coefficients by performing the photometry of single stars and comparing their instrumental magnitudes with the magnitudes reported in the catalog of Massey et al. [Massey et al. (2006) ], and only adopted the Hα calibration from [Massey et al. (2007) ]. Note once again that our main task requires no flux calibration.
SELECTION OF LBV-LIKE CANDIDATE OBJECTS
For our photometric measurements we selected a total of 2304 objects with V <18. m 5 from the catalog of Massey et al. [Massey et al. (2006) ] . We adopt an average interstellar extinction of AV ≈1.
m 0 for the brightest stars in the M 33 galaxy (e.g., [Fabrika & Sholukhova (1999b) [Allen (1977) ]. Hence our final list should include all potential LBV star candidates.
In the case of the photometry of close groups consisting of two or more objects, where the plateau in the "aperture radius-flux" dependence for all broad-band filter images can be reached at apertures greater than the aperture of a point source, we treated such a close group as a single object. It is evident that some of such "single" objects will prove to be groups of stars if observed with a better spatial resolution. In our photometric measurements a close group could consist of several objects from the initial catalog of Massey et al. [Massey et al. (2006) ]. We attributed the resulting measurement to one of the objects of the initial catalog and did not perform the photometry of other members of the group. If one of the objects in such a close group is an Hα emission star the entire group shows excess flux in the Hα filter.
We were able to perform the photometry of 2075 objects. Photometric measurements were impossible to perform for the remaining 229 objects, because they were located at the boundary of the galaxy, showed no plateau on the "aperture radius-flux" dependence, or were members of one of the close groups.
After the photometric reduction we selected the emission-line candidates using the method described by Fabrika et al. [Fabrika & Sholukhova (1999a) ]. To this end, we constructed the V −Hα diagram, where most of the objects lie within a broad band of a linear relation (Fig. 2) . Emission-line objects lie above this relation because of the appreciable excess of their Hα fluxes relative to the remaining, nonemission part of the sample. Figure 2 shows an example of the V −Hα relation.
It is evident that this linear "main sequence" is due to the fact that stars that are brighter in the V band are also relatively brighter in the Hα band. This "main sequence" is rather broad due both to absorption stars and to spectral peculiarities of stars of different temperatures. However, it is a well-defined sequence.
At the next stage we used only 707 stars with B − V <0. m 35 out of the entire sample of 2075 objects. We show these 707 stars in Fig. 2 . The V −Hα diagram for the entire sample including both red and blue stars would consist of two partially overlapping parallel sequences: the red stars in M 33 and in Milky Way.
We used the following technique to select emission-line stars on the V −Hα diagram. We first fitted a linear relation to all points of the sample in order to determine the main sequence of nonemission stars, and then computed the r.m.s. deviation (hereafter referred to as σ) of data points from this linear relation. At the next stage we discarded the objects with the Hα excess greater than 2.5σ; fitted a new relation, and computed the new σ value based on the remaining data points. We computed the final σ for the rectified sequence obtained after seven to eight iterations when the number of stars ceased to change.
We then choose the minimum excess such that objects lying above it should be considered to be emission-line stars. We found that the Hα7 object with an Hα emission-line Figure 4 . Histogram of the R 0.9 sizes of our selected objects (Table 1 ). The maximum of this distribution, which is located at 1. ′′ 0-1. ′′ 3, corresponds to the expected size of point sources (see Section 3). Sources with greater sizes correspond to groups, which we treated as single objects in our photometric measurements. equivalent width of 3Å [Sholukhova et al. (1997) ] lies 1.01σ above the main relation (number 018246). We therefore decided that emission objects should lie about 1.0σ above the main sequence and used this criterion to select 185 objects, which we list in Table 1 .
The first three columns of Table 1 list the number of the object and its J2000.0 coordinates according to the catalog of Massey et al. [Massey et al. (2006) ]. The next columns give our measured V -band magnitude and the (B − V ) color index; the excess "s" above the main sequence in the units of σ (used as the estimate of the intensity of the hypothetical Hα emission), and R, the aperture size R0.9 averaged over all four broad-band filters (in arcseconds). The complete version of the table is available at http://jet.sao.ru/∼azamat/LBVsearch/ /blue.dat.
Given that red stars with (B − V ) ≥0. m 35 can also be LBV candidates (e.g., the highly reddened η Car), we selected from our list the candidate emission-line objects among other stars with V <18. m 5. We then used the method described above to compute the r.m.s. deviation σ of the (B − V ) − (R−Hα) diagram for objects with (B − V ) ≥0. m 35 shown in Fig. 3 . We included into the list of LBV candidates (Table 2 ) only the objects with the excess of the (R−Hα) color excess greater than 2σ above the main sequence of stars with (B − V ) ≥0. m 35. We imposed an additional constraint (B − V ) <1. m 2 on the colors of red stars in Table 2 . Note that no objects with Hα excess were selected in the (B − V ) = 1. m 2 − 1. m 3 interval. Given the known properties of LBV stars [Humphreys & Davidson (1994) ] it can be concluded that their photospheric temperatures cannot be lower than 7000K, which corresponds to (B − V )0 ≈0. m 25. The observed color of such a star should be (B − V ) ≈1. m 2 even if the interstellar extinction toward it were as high as AV = 3. m 0. Moreover, the spectra of stars with (B − V )0 >1. m 3 exhibit TiO absorption bands, which may mimic Hα emission. In view of these considerations, our constraint (B − V ) <1.
m 2 appears to be quite reasonable. Table 1 as emission-line objects. Figure 5 . Histogram of the Hα flux excess above the main sequence for nonemission stars in the units of σ (Table 1) .
COMPARISON WITH OTHER CATALOGS
We cross-correlated the coordinates of objects of our list of blue candidate emission-line stars with other published lists. To this end, we used TOPCAT 2 program, running the standard identification algorithm where objects from the first catalog are selected that are located inside the ε-neighhborhood of an object of the second catalog. We set the Table 2 as potential LBV candidates with strong interstellar extinction.
radius of ε-neighborhood (or the "error box") individually for each pair of catalogs.
The cross-correlation with the lists of sources detected by Chandra [Grimm et al. (2005) ] and XMM Newton [Pietsch et al. (2004) ] X-ray telescopes with 5.
′′ 0-large error boxes yielded one identification. This X-ray object (the supernova remnant SNR B013059+30177 [Gordon et al. (1998) ]) has already certain optical identification and is located near the N085197 (J013348.03+303304.8) object from Table 1 . A cross-correlation with the list of ultraviolet sources [Massey et al. (1996) ](UIT) yielded 23 identifications within 3.
′′ 0-large error boxes, of which only four objects have not yet been spectrally classified.
Classical LBV stars are characterized by irregular light variations on various time scales, and therefore we crosscorrelated our list with the catalog of variable stars in M 33 [Hartman et al. (2006) ], which contains more than 36000 variables down to a limiting magnitude of V ≈ 24.
m 0 with the coordinates accurate to 0.
′′ 2. We found 54 stars in common, which makes up for 29% of our complete list of blue objects with Hα emission.
We also cross-correlated our list with two lists of emission-line objects composed in different years [Massey et al. (2007) ], [Fabrika & Sholukhova (1999a) ]. The evident criterion based on the exact coincidence of the coordinates in our list with those of LBV candidates selected by Massey et al. [Massey et al. (2007) ] yielded 113 stars in common, whereas the cross-correlation with the catalog of Fabrika et al. [Fabrika & Sholukhova (1999a) ] with a 2.
′′ 0-large error box yielded 50 identifications. Figure 4 shows the size distribution of 185 selected blue emission-line objects from Table 1 . The maximum of the distribution is near 1. ′′ 0-1. ′′ 3, which corresponds to the value expected for point objects observed with a seeing of 0.
′′ 6-0.
′′ 8 (see Section 3). Sources with greater sizes correspond to groups of objects. Figure 5 shows the distribution of the flux excess "s" in the Hα filter for selected blue objects above the main linear relation for nonemission objects. As is evident from the figure, the number of objects continuously decreases with increasing Hα-line flux excess.
Note that Table 1 contains no objects in the V ≈ 14. m 0-15.
m 5 magnitude interval. This means that seven objects with V<14. m 0 must be foreground stars of the Milky Way, although, only spectroscopic observations can explain the excess of Hα-line fluxes of these objects. A 62% overlap between our list of blue objects and the list of emission-line objects of [Massey et al. (2007) ] shows that both criteria can be used to select LBV candidates. Non cross-identified objects of both lists also deserve a special investigation in order to understand what subclass of emission-line objects is rejected by each method.
We included into our additional list of LBV candidates (Table 2) only objects with V > 16. m 0, because no red objects were selected in the V ≈ 15. m 0-16. m 0 magnitude interval, and brighter stars are definitively foreground objects. The fact that two red emission objects (N006862 and N141751) are also included in the catalog of Massey et al. [Massey et al. (2007) ], where they are classified as hot LBV candidates, corroborates the need for the search for reddened stars.
We perform spectroscopic observations of blue emission objects with the 6-m telescope of the Special Astrophysical Observatory of the Russian Academy of Sciences. We already found ] the star N93351 whose spectrum exhibits broad hydrogen emissions and numerous FeII and [FeII] emission features. We constructed the spectral energy distribution for this star in the wavelength interval 3000-80000Å and showed that this object, like Var A, has a strong infrared excess. The results of our analysis led us to conclude ] that N93351 should be classified as an LBV-type star.
CONCLUSIONS
We used archive of UBVR and Hα-band CCD images of the M 33 galaxy to perform aperture photometry of all objects from catalog [Massey et al. (2006) ] with V <18. m 5. We selected LBV candidate stars in M 33 using a criterion based on the excess of the Hα-line flux over the V -band flux. We selected a total of 185 emission-line candidates -blue stars with (B − V ) <0. m 35. Variability on different time scales is a classical property of LBV stars and therefore we cross-correlated our list with the catalog of variable stars in M 33 [Hartman et al. (2006) ] to find that 29% of our blue candidates exhibit light variations. Part of LBV stars are hot and should be studied in the ultraviolet. A cross-correlation with the list of ultraviolet sources showed that 23 LBV candidates were indeed detected by the UIT space telescope [Massey et al. (1996) ]. Our list of blue emission-line candidates overlaps by 27% with the list of Fabrika et al. [Fabrika & Sholukhova (1999a) ] based on photometric images and simple criteria. Our list also overlaps by 62% with the list of LBV candidates [Massey et al. (2007) ] based on the same observational material, but subject to more complex criteria of the selection of LBV candidates.
LBV stars may be appreciably, and sometimes rather strongly, reddened. We therefore composed an additional list of 25 red stars with 0.
m 35< B − V <1. m 2 selected using the criterion of the excess of the R−Hα color. These objects may be reddened LBV stars.
We thus report our complete list of LBV candidates in M 33 down to a V -band limiting magnitude of 18.
m 5. To perform a detailed classification of the stars of our catalog, we observe them spectroscopically with the 6-m telescope of the Special Astrophysical Observatory of the Russian Academy of Sciences. We will publish the results of these spectroscopic observations in our next papers. [Massey et al. (2006) ]; our measured V -band magnitude and (B − V ) color index; the excess "s" of the Hα-line flux above main sequence in the units of σ, and R, the object's size R0.9 averaged over four broad-band filters in arcseconds. The last column gives the results of cross-identification with the catalogs of emissionline objects ( [Massey et al. (2007) ] (M) and [Fabrika et al. (1997) ] (SFZ)); variable stars [Hartman et al. (2006) ] (HBS), and ultraviolet sources [Massey et al. (1996) ] (UIT). If the object has a comment in catalog [Massey et al. (2006) ] we repeat this comment here in the "m(comment)" format. The full version of the table is available from http://jet.sao.ru/∼azamat/LBVsearch/blue.dat. 
